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The integration of amorphous zinc tin oxide (ZTO) into crossbar memristor device structures has
been investigated where asymmetric devices were fabricated with Al (top) and Pt (bottom)
electrodes. The authors found that these devices had reproducible bipolar resistive switching with
high switching ratios >10
4 and long retention times of >10
4s. Electrical characterization of the
devices suggests that both ﬁlamentary and interfacial mechanisms are important for device
switching. The authors have used secondary ion mass spectrometry to characterize the devices and
found that signiﬁcant interfacial reactions occur at the Al/ZTO interface. V C 2013 American Vacuum
Society. [http://dx.doi.org/10.1116/1.4767124]
I. INTRODUCTION
Advances in the development of transparent amorphous
oxide semiconductors for thin ﬁlm transistor (TFT) applica-
tions have made considerable progress since initial reports.
1–4
Beneﬁts of these transparent amorphous oxide semiconduc-
tors include the ability to deposit them over large areas with
uniform structural and electrical properties. Of increasing in-
terest is the application of oxide materials for other devices
including memristors and resistive random access memory
(RRAM).
5,6 Recent results have demonstrated bipolar resis-
tive switching for the transparent amorphous oxide semicon-
ductor In-Ga-Zn-O (IGZO) in standard metal–insulator–
metal (MIM) structures.
7–11 These results demonstrate the
potential to integrate transparent amorphous oxide semicon-
ductors for both TFT and memory, and may enable advanced
system-on-panel display applications.
Although IGZO is the dominant transparent amorphous
oxide semiconductor for TFT applications,
1 there is consid-
erable interest in ﬁnding materials with similar performance,
but without indium and gallium, which are increasingly ex-
pensive materials. Zn-Sn-O (ZTO) is a low-cost indium-free
alternative transparent amorphous oxide semiconductor with
excellent electrical properties for TFT applications.
3,12,13
Recently we have demonstrated bipolar resistive switching
in solution-deposited ZTO memrsitors and found that the
resistive switching was consistent with a combined ﬁlamen-
tary/interfacial mechanism.
14 However, to better understand
the switching mechanism for ZTO memristors we have fab-
ricated devices using RF sputter-deposited ZTO in this
study. RF sputter deposition allows excellent control over
the electronic properties of ZTO ﬁlms as we have recently
demonstrated in a prior study for TFTs.
13 We have found that
the bipolar resistive switching properties of the ZTO memris-
tors were closely related to the electrical test conditions, and
that an initial high current (>0.1 mA) forming step was not
required to obtain reversible stable switching. The physical
and electrical characterization of the ZTO materials and devi-
ces, along with the switching mechanisms will be discussed.
Speciﬁcally, time-of-ﬂight secondary ion mass spectrometer
(ToF-SIMS) depth proﬁles indicate the presence of an interfa-
cial AlOx layer which appears to strongly inﬂuence the
switching characteristics of the devices.
II. EXPERIMENT
Memristor crossbar devices were fabricated on thermally
oxidized silicon substrates using standard MIM structures.
All patterning was performed using photolithography and
lift-off processes. The bottom 50nm thick Pt electrode was
deposited using an e-beam evaporator, where a 25nm thick
titanium adhesion layer was used at the Pt/SiO2 interface.
Just prior to ZTO deposition the substrates were rinsed with
acetone, isopropyl alcohol, and deionized water, blow dried
using nitrogen, and heated for 5min at 100  C on a hot plate
to remove residual moisture from the surface. The 50nm
ZTO layer was deposited using RF magnetron sputter depo-
sition. A 3-in. ZTO target with a ZnO:SnO2 ratio of 2:1
(Zn2SnO4) was used. The ZTO ﬁlms were deposited with
100W power, a 20 SCCM ﬂow rate with a 2:18 O2:Ar ratio,
and  4 mTorr chamber pressure. No postdeposition anneal-
ing of the ZTO ﬁlms was performed. The top  200nm thick
Al electrode was deposited using a thermal evaporator. The
crossbar structures had widths of 10, 20, 50, and 100lm
leading to crossbar cell areas of 100, 400, 2500, and
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2. The electrical switching characteristics were
measured using a 4155C Agilent semiconductor parameter
analyzer and a probe station. All electrical measurements
were performed at room temperature in the dark.
Sputter depth proﬁles were obtained with an ION-TOF IV
ToF-SIMS using 1keV Cs
þ ions for the sputter depth proﬁle
and 25keV Bi
3þ ions for analysis. For these studies, the pos-
itive secondary ions were analyzed. Spectroscopic ellipsom-
etry was performed with a J. A. Woollam variable angle
spectroscopic ellipsometer system with a rotating analyzer
conﬁguration to determine the ZTO optical properties and
ﬁlm thickness.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the I-V characteristics of a typical
Al/ZTO/Pt memristor showing bipolar resistive switching.
For all measurements, the bottom electrode was grounded
and the bias was applied to the top electrode. We have found
that the devices were initially in the high resistance state
(HRS) for the deposition conditions used in this study. When
a negative voltage was applied to the top electrode, for a de-
vice in the HRS, there was a linear increase in current on a
log-linear scale, as shown in the lower left side of the ﬁgure.
At a certain voltage, there was a sharp increase in current as
the device transitions from the HRS to the low resistance
state (LRS). This is the SET process (device switched “on”)
and the voltage at which this transition takes place is deﬁned
as the SET voltage (VSET). When a positive voltage was
applied to the top electrode, for a device in the LRS, there
was a transition back to the HRS, as shown in the upper right
side of the ﬁgure. This transition is the RESET process (de-
vice switched “off”), and the voltage at which this transition
takes place is deﬁned as the RESET voltage (VRESET). To
avoid electrical breakdown of the devices, the compliance
current (CC) was used during the SET process.
15,16 Previ-
ously, we found that a gradual forming process resulted in
more uniform bipolar switching characteristics.
14 For the
gradual forming process in the current study, the limiting CC
was slowly increased in steps from 100 nA to 350lA for a
virgin device. This was continued until the devices transi-
tioned from unipolar switching, which was initially observed
for low CC, to bipolar switching.
Figure 1(b) shows the resistance change (RLRS and RHRS)
with respect to the cell area. We found that RLRS was nomi-
nally constant with increasing cell area while RHRS
decreased with increasing cell area. When RLRS does not
change with cell area, a dominate ﬁlament mechanism is
invoked where conduction is dictated by locally conﬁned ﬁla-
ments and not the area of the device.
7,17 When RHRS does
change with cell area bulk conduction, interfacial effects at
the electrode–ZTO interface or noncontacting multiﬁlament
arrays are invoked where conduction is dictated by the area of
the device.
15 Similar scaling behavior for RLRS and RHRS has
been observed for other materials systems, including IGZO,
7
ZnO,
17 and MnO2.
18 It should be noted that RHRS for the three
smallest devices has a slope of  1 with device area; however,
the largest devices’ RHRS deviates from this expected relation-
ship. The enhanced leakage for the largest devices may be
related to extrinsic defects, and we did ﬁnd a substantially
lower yield for the largest devices. Figure 1(c) shows bipolar
resistive switching for more than 30 cycles for a 20 20lm
2
Al/ZTO/Pt cross bar cell obtained after an initial gradual
forming process and a CC of 350lA. It can be seen that there
was signiﬁcant variation in VSET while VRESET stayed fairly
constant. The values for mean of VSET and VRESET were
determined to be  1.97 and 0.47V with standard deviations
of 0.57 and 0.34V, respectively.
Figure 2(a) shows the change in RHRS and RLRS with
respect to the number of switching cycles for the device char-
acterized in Fig. 1(c). Despite the ﬂuctuations of RHRS, a re-
sistance ratio (RHRS/RLRS)w a s>10
4 which is suitable for
many memory applications.
6 To test the nonvolatility of the
ZTO memristor, retention measurements were performed
with a read voltage of 0.1V for devices set in the HRS and
LRS. Measurements were performed after various lengths of
time to obtain the values for RHRS and RLRS as shown in
Fig. 2(b). The values for RHRS/RLRS were >10
4 for longer
than 10
4s and did not show degradation during these measure-
ments. This suggests that the ZTO memristor has excellent
data retention, although longer tests should be performed on
optimized devices to determine the data retention limit.
FIG. 1. (a) Typical bipolar resistive switching behavior for a ZTO memristor.
(b) Dependence of RLRS and RHRS on cell area. (c) Bipolar resistive switch-
ing behavior for multiple cycles for a ZTO RRAM memristor; inset shows a
schematic of the device stack.
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devices, we have plotted log jIj vs log jVj for the LRS and
HRS as shown in Fig. 3(a). At the low voltage region of both
LRS (V<VRESET) and HRS (V>VSET), a linear increase
with a slope of roughly 1 is observed suggesting Ohmic con-
duction. While for increasing negative biases, just below the
VSET, the HRS slope is found to increase substantially. To
determine the current conduction mechanism in the high
negative voltage region, we have considered both Schottky
and Poole–Frenkel emission. Schottky emission (electron
emission over a barrier) can be characterized by the follow-
ing equation:
16
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where q is electric charge, d is thickness of ﬁlm, er is
dynamic dielectric constant, e0 is permittivity of free space,
kB is Boltzmann’s constant, and T is the absolute tempera-
ture. By replotting the data as ln jIj vs jVj
1/2 in Fig. 3(b), the
values for er can be estimated by extracting from the slope of
the graph. Likewise, Poole–Frenkel emission (electron con-
duction through traps) can be characterized by the following
equation:
19
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By replotting the data as ln jI/Vj vs jVj
1/2 in Fig. 3(c), the val-
ues for er can be estimated by extracting from the slope of the
graph. To distinguish between Schottky and Poole–Frenkel
emission for the devices, these extracted values of er can be
compared to the optical dielectric constant (er,o) for ZTO. The
value of er,o for ZTO was determined to be  3.69 using the
refractive index (n¼1.92) of the ZTO ﬁlms obtained from
ellipsometry and using the relation n¼er,o
1/2.
20,21
As shown in Figs. 3(b) and 3(c), the high voltage region
of HRS (V VSET) has two linear regimes where there is a
signiﬁcant change in slope. The extracted values for er were
calculated using these two different slopes (S1 and S2) for
both plots assuming either Schottky or Poole–Frenkel emis-
sion (see Table I). For Schottky emission, the extracted val-
ues for er were signiﬁcantly smaller than er,o for both S1 and
S2 suggesting that Schottky emission can be eliminated as
the conduction mechanism at these higher negative biases.
For Poole–Frenkel emission, the extracted values for er from
region S1 gave a value fairly close to er,o; however, the
extracted value from region S2 was signiﬁcantly lower than
er,o. This suggests that Poole–Frenkel emission is the domi-
nant conduction mechanism in region S1; however, neither
FIG. 2. (a) Dependence of RLRS and RHRS for 30 resistive switching cycles.
(b) Retention characteristics of ZTO memristor taken with a read voltage of
0.1V.
FIG. 3. (a) Plot of log jIj vs log jVj for the LRS and HRS of a typical device.
The same data are plotted to evaluate Schottky and Poole–Frenkel emission
in (b) and (c), respectively.
TABLE I. Experimental values for optical dielectric constant (er) for ZTO cal-
culated using slopes (S1 and S2) of Schottky and Poole–Frenkel emission
for high voltage regions (V VSET) of HRS. The optical dielectric constant
er,o for ZTO was estimated to be  3.69 from spectroscopic ellipsometry.
Region of analysis er Schottky er Poole–Frenkel
S1 0.7860.4 5.6562.5
S2 0.1260.1 0.5560.4
01A104-3 Rajachidambaram et al.: Bipolar resistive switching in an amorphous zinc tin oxide memristive device 01A104-3
JVST B - Microelectronics and Nanometer Structures
Downloaded 05 Mar 2013 to 128.193.162.72. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvstb/about/rights_and_permissionsSchottky nor Poole–Frenkel emission adequately describes
the data in region S2 (to be discussed in more detail below).
In contrast, our prior ZTO memristor results had only a sin-
gle slope in the high bias region, and also that Schottky
emission was the dominant conduction mechanism.
14 These
differences may be due to several factors including the initial
electrical properties of the ﬁlms (i.e., insulating for the sput-
ter deposited and semiconducting for the solution deposited),
or the difference in their relative thicknesses (i.e., 50nm for
sputter deposited and 6nm for the solution deposited).
Figures 4(a) and 4(b) show ToF-SIMS depth proﬁles
from ZTO memristors corresponding to a device that has
been switched several cycles (now in HRS) and to a device
that no longer switches (stuck in LRS), respectively. For
these data, we have focused on the Al/ZTO interface since
there were no major changes in the depth proﬁle at the ZTO/
Pt interface. For consistency, the relative intensities in the
two ﬁgures have been normalized to the Al signal from the
top metal electrode. In Fig. 4(a), we have identiﬁed an AlOx
interface layer (as indicated by the dashed box) for the de-
vice set in the HRS. This assignment is due to the increase
of the oxygen signal prior to the increase in intensity of the
zinc or tin signals from the ZTO ﬁlm. The thickness of the
AlOx layer was estimated to be  8–9nm based on the sput-
ter etch rates for the ToF-SIMS system. AlOx interface
layers were also observed in ToF-SIMS depth proﬁles for
untested devices that were in the HRS. In Fig. 4(b), we did
not observe a signiﬁcant AlOx interface layer (as indicated
by the dashed box) for a device that failed by being stuck in
the LRS. This assignment is due to the increase in the
oxygen, zinc, and tin signals at the same point in the depth
proﬁle. These data indicate that signiﬁcant interfacial reac-
tions can occur between Al and ZTO, which can be expected
based on the relative thermodynamic stabilities of the binary
oxides that can form at this interface (e.g., Al2O3, ZnO,
SnO2, and SnO).
22 The formation of an insulating Al2O3
layer at the Al/ZTO interface likewise also forms a substoi-
chiometric ZTO layer that will contain both oxygen vacan-
cies and metal ion interstitials. Both of these defects in the
ZTO ﬁlm will result in a higher conductivity due to the
higher carrier concentration than the stoichiometric ZTO.
Recent studies have suggested that the interfacial reactions
between reactive metal electrodes and the oxide switching
material can strongly inﬂuence the I-V characteristics of the
devices.
8,23–27
In an earlier study, we have demonstrated that varying the
partial pressure of oxygen during the deposition process can
control the conductivity of as-deposited ZTO and that post-
annealing the samples can signiﬁcantly alter the chemistry at
or near the surface.
13 X-ray photoelectron spectroscopy
(XPS) results indicated that there is a signiﬁcant amount of
impurities at or near the surface of the ﬁlms as judged by the
carbon and oxygen core-level spectra. The O 1s and C 1s
spectra for the unannealed ZTO samples (as used in this
study) showed signiﬁcantly higher levels of hydroxide, car-
bonate, and water than those annealed to 300  C or higher.
13
Due to the deposition conditions used for this study, we
expect that the ﬁlms should initially be insulating since the
addition of oxygen during ZTO sputter deposition process
reduces the number of oxygen vacancies and metal intersti-
tials in the ZTO ﬁlms, resulting in a reduction of the carrier
concentration. Furthermore, the hydroxide, carbonate, and
water at the surface region of the ZTO ﬁlms should readily
react with the Al top metal electrode. ToF-SIMS indicates
that an insulating AlOx interface layer was formed by a reac-
tion between Al and ZTO. This interfacial redox reaction
results in the formation of both an insulating AlOx region
and a more conductive ZTO region as described above.
During the gradual forming process a negative voltage is
applied to the Al top electrode, which may result in the drift of
defect species in the AlOx or ZTO ﬁlms. Although this gradual
forming process is at much lower currents than the electro-
forming process used for TiO2 based devices,
28 the potential
exists for Joule heating which may enhance diffusion and drift
of these defect species. These defect species can include oxy-
gen ions (negative charged) in the AlOx layer, or oxygen
vacancies (positive charged) in the ZTO layer, as has been
reported for TiO2 based memristors.
5 For TiO2 based memris-
tors, a signiﬁcant change in the Al/TiO2 interfacial layer thick-
ness was observed using transmission electron microscopy
whether a device was in the high (thickness 2.8nm) or low
(thickness 1.0nm) resistive state.
29 The authors proposed
that the uniform migration of oxygen ions into the TiO2 ﬁlms
during the SET process reduces the thickness of the interfacial
layer and results in the lower resistivity. It has been proposed
by several groups that the redox based processes can lead to
switching of memristive devices, where a negative voltage on
a reactive electrode can lead to enhanced oxygen diffusion
from the interfacial region leading to a reduction in the thick-
ness of the interfacial oxide layer.
23,24,26 Although most stud-
ies focus on the drift of oxygen ions or vacancies, it is possible
that metal cation species can drift under electric ﬁelds as has
FIG. 4. ToF-SIMS depth proﬁles of two different devices. (a) Device in HRS
and (b) device stuck in LRS.
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30 The transport of oxygen ions,
oxygen vacancies, or metal interstitials can change the relative
conductivity of the interfacial region, but also an accumulation
of these species can result in the formation of localized con-
ductive ﬁlaments and the transition from the HRS to LRS dur-
ing the SET process.
6,15,19 Alternatively, the devices can be
returned to the HRS by application of a positive voltage at the
Al electrode (RESET process). The switching to the HRS may
be due to reduction/oxidation reactions that cause the dissolu-
tion of ﬁlaments in the Al/ZTO interface layer by the resulting
drift of the defect species discussed above.
In general, our main failure mechanism was due to devi-
ces stuck in the LRS. This has also been observed for Ta2O5
devices as well,
31 where it is believed that the failure was
related to extended stress in the base layer (medium resistiv-
ity TaO2 x layer) or the interface of the metal-base or
insulator-base layers as opposed to the switching layer (insu-
lating Ta2O5 x layer). Our ToF-SIMS data for the device
stuck in the LRS [Fig. 4(b)] indicate that there is an absence
of an interfacial AlOx layer, and also a relative change in the
O, Zn, and Sn ion intensities compared to the device in the
HRS [Fig. 4(a)]. It should be noted that these devices were
located next to each other on the same die, and that these dif-
ferences are not related to changes in the fabrication process.
The absence of the interfacial AlOx layer for the device stuck
in the LRS suggests that either oxygen ions drift out of this
layer, oxygen vacancies drift into this layer, or that metal
interstitials drift into this layer. This process appears to be ir-
reversible. In regards to the changes in the relative intensities
of the ToF-SIMS depth proﬁles, it should be noted that
SIMS ion yields are strongly inﬂuenced by relative atomic
concentrations, sputter yield, ionization potential, and the
chemical environment of the species.
32 Further studies on
the role of metal contacts to the ZTO memristors need to be
performed to better understand the switching mechanisms,
as well as the relative ion yields in the ToF-SIMS data for
ZTO devices. These results provide further evidence that an
AlOx interfacial layer contributes to the bipolar resistive
switching observed for solution processed ZTO devices fab-
ricated with the same structure.
14
Finally, at high negative bias we believe that the increase
in slope from region S1 to S2, as seen in Figs. 3(b) and 3(c),
can be correlated to direct tunneling through this thin AlOx
layer. For applied negative voltages above  1.6V, electrons
in the Al electrode can tunnel directly through the thin AlOx
interfacial layer. It has been found that for electric ﬁelds
between  1.5 and 6 MV/cm direct tunneling is the dominant
mechanism electron conduction for thin Al2O3 ﬁlms in MIM
device structures.
33 This suggests that electron conduction in
the high negative bias regime for the ZTO memristors, in
this study, transition from Poole–Frenkel emission (region
S1) to direct tunneling (region S2).
IV. CONCLUSIONS
In conclusion, memristors based on sputter-deposited
ZTO have been investigated for nonvolatile memory appli-
cations. The as-deposited amorphous ZTO based RRAM
devices had stable bipolar switching characteristics with a
large RHRS/RLRS ratio>10
4 and the HRS and LRS were
found to be stable for retention times >10
4 s. The driving
mechanism behind resistive switching was proposed to be
due to combination of bulk effect (formation and dissolution
of ﬁlamentary conduction paths) and an interface effect (re-
dox reactions at the Al/ZTO interface). Based on ToF-SIMS
data, we believe that the AlOx interfacial layer is critical for
the observed bipolar resistive switching of the ZTO memris-
tors, since devices that failed did not have this interfacial
layer and were irreversibly stuck in the low resistive state.
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